Using a reconstituted system containing genomic DNA and purified proteins from yeast, Krietenstein et al. uncover the direct contributions of key factors in nucleosome positioning and conceptualize the process into four distinct stages.
The eukaryotic genome is organized into chromatin, and all nuclear processes, such as transcription, must deal with the chromatin environment. The basic unit of chromatin is a nucleosome, in which $146 base pairs of DNA are wrapped around an octamer of histones in nearly two superhelical turns (Kornberg and Lorch, 1999) . Since the discovery of nucleosomes, an inevitable question arises as to how nucleosomes organize themselves at precise locations in the context of vastly varying DNA sequences. The subject of locating nucleosomes is generally referred to as nucleosome positioning, and it has been one of the major topics in chromatin biology. Over the past decades, a number of factors have been implicated in nucleosome positioning, particularly in the context of transcription. Like well-designed necklaces, the nucleosome beads must be strategically stringed around genes to allow proper transcriptional regulation. For example, there are generally nucleosome-free regions (NFR) at gene promoters, and the subsequent (+1) and preceding (À1) nucleosomes at transcription start sites (TSSs) must be precisely positioned for gene activation or repression.
Past studies on nucleosome positions have revealed several contributors, such as intrinsic DNA ''rhythms'' and sequence-specific transcription factors (Segal and Widom, 2009; Yen et al., 2012) . More recently, a number of studies have strongly implicated ATP-dependent chromatin remodeling factors, which can ''move'' nucleosomes around, as key players in nucleosome positioning. However, at the genome level, the direct contributions of these players and the basic principles guiding physiologically relevant nucleosome positioning remain largely unknown. The study presented by Krietenstein et al. (2016) in this issue of Cell provides spectacularly direct answers, leading to a surprisingly simple conceptual framework for nucleosome positioning.
Taking hints from their previous work showing that yeast whole-cell extracts can organize nucleosomes on genomic DNA in an ATP-dependent fashion (Zhang et al., 2011) , the Korber and Pugh groups have developed a reconstituted in vitro system, as well as computational tools to dissect the mechanisms of nucleosome positioning on yeast genomic DNA. Krietenstein et al. (2016) now report the successful reconstruction of physiologically relevant nucleosome positioning events at the genome level using only genomic DNA, histones, and a small set of purified factors such as RSC, ISW2, ISW1, and INO80 from yeast. Such an in vitro system allows the authors to reveal the direct contributions of individual factors involved, leading to the conceptualization of a four-stage nucleosomepositioning model in the context of transcription (Figure 1) .
In the first stage, ''NFR generation,'' the RSC complex creates NFRs at promoters without positioning À1/+1 nucleosomes or downstream nucleosome spacing. To do this, RSC can either recognize the directionality of poly (dA:dT) to make NFRs by displacing more nucleosomes at 5 0 poly(dA) compared to its 3 0 poly(dT) side (option 1), or it can recognize general regulating factors (GRFs) bound sites to make the organizing centers (option 2) (Figure 1) . Importantly, NFR generation appears to be an independent process from À1/+1 nucleosome positioning and downstream array alignment, thus allowing a clear staging of events.
In the second stage, ''+1 nucleosome positioning stage,'' the authors discovered two major mechanisms to achieve +1 nucleosome positioning. In the first mechanism, sequence-specific factors, such as Abf1, together with remodelers, such as ISW2 and RSC, position +1 nucleosomes through ''tug of war'' actions. For example, ISW2 and ISW1a place +1 nucleosomes $10 bp upstream of the activating location, leading to a repressive position over TSS; further addition of RSC in the reaction places +1 nucleosomes at the canonical activating position and aligns downstream arrays into a native situation. This in vitro observation is consistent with the antagonizing roles of RSC and ISWI in vivo (Parnell et al., 2015) . It is likely that other GRFs, combined with remodelers, can also generate +1 nucleosome positioning at other genome sites (Figure 1) .
The second mechanism involves perhaps the most surprising finding of the paper: the INO80 complex alone can achieve À1/NFR/+1 positioning at most genes, probably through recognizing the NFR. This is consistent with the in vivo presence of INO80 at +1 position in >90 of the genes (Yen et al., 2013) and suggests that INO80 has an intrinsic capability to position +1 and À1 nucleosomes at their in vivo canonical locations. Although the exact mechanism remains unclear, the authors have speculated that INO80 may locally untwist DNA to make it more favorable to form +1 nucleosomes (Figure 1) .
In stage 3, ISW2 and/or INO80 may generate nucleosomal arrays downstream to the +1 nucleosome with long size linkers. In stage 4, ISW1a, consistent with its in vivo role (Ocampo et al., 2016) , regulates the length of linkers by adjusting downstream nucleosomes to create more physiologically relevant nucleosomes with the short linkers (Figure 1) .
This study provides a remarkably streamlined model for nucleosome positioning, involving only a few chromatin remodeling complexes. Although the work is performed in yeast, given the evolutionary conservation of nucleosomes and chromatin-remodeling complexes, it is likely that this model will generally apply to other organisms. As the authors recognize, there are still a number of intriguing issues, such as the mechanisms of the highly conserved INO80 at multiple stages of nucleosome positioning. Moreover, the roles of transcription machinery in nucleosome positioning remain to be defined. Finally, other chromatin components, such as histone modification or histone variants, may also contribute to nucleosome positioning and can be further studied. Nonetheless, the current study has achieved the key goals of defining the major and direct players and establishing a general model for genome-wide nucleosome positioning in the context of transcription. 
